Sox proteins are DNA-binding proteins belonging to the HMG box superfamily and they play key roles in animal embryonic development. Zebrafish Sox21a is part of group B Sox proteins and its chicken and mouse orthologs have been described as transcriptional repressor and activator, respectively, in two different target gene contexts. Zebrafish sox21a is present as a maternal transcript in the oocyte and is mainly expressed at the developing midbrain -hindbrain boundary from the onset of neurulation. In order to understand its role in vivo, we ectopically expressed sox21a by microinjection. Ectopic expression of full length sox21a leads to dorsalization of the embryos. A subset of the dorsalized embryos shows a partial axis splitting, and hence an ectopic neural tube, as an additional phenotype. At gastrulation, injected embryos show expansion of the expression domains of organizer-specific genes, such as chordin and goosecoid. Molecular markers used in somitogenesis highlight that sox21a-injected embryos have shortened AP axis, undulating axial structures, enlarged or even radialized paraxial territory. The developmental abnormalities caused by ectopic expression of sox21a are suggestive of defects in convergenceextension morphogenetic movements. Antisense morpholino oligonucleotides, designed to functionally knockdown sox21a, cause ventralization of the embryos. Moreover, gain-of-function experiments with chimeric constructs, where Sox21a DNA-binding domain is fused to a transcriptional activator (VP16) or repressor (EnR) domain, suggests that zebrafish Sox21a acts as a repressor in dorso-ventral patterning. q
Introduction
Sox proteins belong to the HMG box superfamily of DNA-binding proteins. They are found throughout the animal kingdom and play key roles in embryonic development. The mammalian Sox family comprises 20 genes and can be divided into several groups (A -H) on the basis of sequence similarity and genomic organization (Bowles et al., 2000; Schepers et al., 2002) . In Drosophila melanogaster and Caenorhabditis elegans, smaller number of Sox genes are present (eight and five, respectively; Bowles et al., 2000; Cremazy et al., 2001) , each of which typically corresponds to a group or subgroup of vertebrate Sox genes. Mutations in several Sox genes have been shown to result in developmental anomalies, from fly to mammals (reviewed in Wegner, 1999) . The Drosophila dichaete mutants are impaired in early embryo segmentation, brain development and hindgut differentiation (Nambu and Nambu, 1996; Russell et al., 1996; Sanchez-Soriano and Russell, 2000) . The spontaneous mouse mutant Dominant megacolon (Dom) carries a mutation in Sox10, leading to aganglionic megacolon and pigmentation defects (Southard-Smith et al., 1998; Herbarth et al., 1998) , and various types of neurocristopathy in human patients are caused by SOX10 mutations Bondurand et al., 1999) . Correspondingly, zebrafish embryos with mutations in the sox10 gene (colourless) have severe defects in the differentiation of neural crest cells to non-ectomesenchymal cell types, including pigment cells, peripheral neurons and glia (Dutton et al., 2001) . In humans, SOX9 mutations cause campomelic dysplasia, a skeletal dysmorphology and sex reversal syndrome (Wagner et al., 1994; Foster et al., 1994) , while mutations in SRY, the founding member of the Sox family, result in sex reversal and gonadal dysgenesis (Berta et al., 1990; Jager et al., 1990) . Zebrafish embryos homozygous for jellyfish ( jef) mutations show cartilage defects similar to humans with campomelic dysplasia and carry mutations in one of the zebrafish orthologs of SOX9 (Yan et al., 2002) . The emerging picture of SOX transcription factors is one of tissue-specific switches that induce changes in gene expression required for cell-type specification or differentiation (Downes and Koopman, 2001) .
Sox proteins show, by definition (Sox stands for Sryrelated HMG box), a high level of conservation in the HMG domain, which allows them to bind sequence-specifically to DNA in the minor groove thus causing DNA bending. All Sox factors appear to recognize a similar binding motif in vitro, but they play specific roles in vivo. Sox proteins can be divided into groups on the basis of HMG box sequence; protein sequences outside the HMG box are variable among groups, but similar features are present within proteins of the same subgroup (Bowles et al., 2000) . Interaction with different partner proteins enables Sox factors to perform specific roles, in a target context-dependent manner (reviewed in Kamachi et al., 2000; Wilson and Koopman, 2002) . For example, mouse Sox2 and Oct3/4 activate transcription upon binding to the Fgf4 enhancer (Yuan et al., 1995; Ambrosetti et al., 1997) , but they exert an opposite effect on osteopontin gene expression: binding of Oct3/4 to the intronic osteopontin enhancer activates transcription, while binding of Sox2 to its site causes gene repression (Botquin et al., 1998) .
Several sox genes have been identified in zebrafish (Vriz and Lovell-Badge, 1995; Alexander and Stainier, 1999; Rimini et al., 1999; Girard et al., 2001; Chiang et al., 2001) . Among these, we cloned sox21 (Rimini et al., 1999 ; also described by other groups as sox25/sox30, De Martino et al., 1999) , belonging to group B Sox genes. We now propose to rename this gene sox21a, as we recently identified a second sox21 gene in zebrafish (M.B., unpublished results). Zebrafish sox21a is detectable as a maternal transcript in the oocytes and its expression is limited to the embryonic stages of development. From the onset of neurulation, sox21a transcripts start being specifically localized at the presumptive midbrain -hindbrain boundary (Rimini et al., 1999; De Martino et al., 1999) , a region that acts as an organizer in anterior hindbrain and midbrain patterning (reviewed in Rhinn and Brand, 2001 ). The midbrainhindbrain boundary remains the major expression domain of sox21a even at later stages of development.
Sox21 homologues have been cloned in chicken, human and mouse (Rex et al., 1997; Malas et al., 1999; Hwang et al., 2003) ; chicken Sox21 is also expressed in a restricted manner in the CNS (Rex et al., 1997; Uchikawa et al., 1999) . In transfection assays, chicken SOX21 was reported to inhibit the transcriptional activation of d1-crystallin DC5 enhancer by SOX1 (Uchikawa et al., 1999) . On the basis of these data, a subdivision of group B Sox genes into activating subgroup B1 genes (Sox1,2,3) and repressing subgroup B2 genes (Sox14 and Sox21) has been proposed. Although molecular phylogenetic analysis of the HMG domain alone is insufficient to conclusively define groups B1 and B2, some clustering is found within group B (Bowles et al., 2000) . Moreover, there is evidence for an early subdivision of group B to subgroups B1 and B2 during evolution: both SOXB1-and SOXB2-like sequences have been identified in Drosophila, C. elegans, and sea urchin (Bowles et al., 2000) . On the other hand, Sox proteins are thought to act as transcriptional modulators, which can positively or negatively regulate transcription in a target context-dependent manner. Very recently, mouse Sox21 was identified as a potent transcriptional activator of the mouse m opioid receptor (mor) gene (Hwang et al., 2003) .
We therefore decided to ectopically express zebrafish sox21a by micronjection, in order to analyze its function in vivo. Ectopic expression of full length sox21a reveals that sox21a acts very early during zebrafish development by promoting dorsalization. Conversely, the functional knockdown of sox21a by means of antisense morpholino oligonucleotides causes ventralization. Moreover, gain of function experiments with chimeric constructs where its DNA-binding domain is fused to a transcriptional activator (VP16) or repressor (EnR) domain suggest that zebrafish Sox21a acts as a repressor in dorso-ventral patterning.
Results

Ectopic expression of Sox21a leads to dorsalization and axis splitting
We previously reported that sox21a transcripts can be detected by in situ hybridization in the unfertilized oocytes and in the very first zygotic developmental stages, before the onset of zygotic transcription (Rimini et al., 1999) . More recently, we identified a second sox21 gene in zebrafish, sox21b (M.B., unpublished results; GenBank accession number: AY489186), showing a higher similarity to the mammalian and chicken genes than to the zebrafish paralogue as is often the case for duplicated genes in zebrafish. The two zebrafish sox21 paralogues have diverged with respect to temporal expression: as shown in Fig. 1 , sox21a is expressed as a maternal transcript (lanes 2, 3) whereas sox21b transcripts can be detected from the tailbud stage (lane 5), well after the onset of zygotic transcription. We therefore reasoned that sox21a and sox21b should be functionally distinct at least for their contribution to early development.
In order to get some insight on the functional role of Sox21a in zebrafish early development, we decided to ectopically express it by microinjection of the RNA in 1-or 2-cell-stage embryos. We started by scoring morphological defects at 24 h of development; a concentration of RNA was chosen (100 pg) which affected the development of half of the surviving embryos (96/191) . A range of phenotypes were observed which correspond to various degrees of dorsalization. Weak phenotypes are characterized by a bending and shortening of the tail. Phenotypes of intermediate strength (class 3 and class 4 phenotypes according to Mullins et al., 1996) are represented by a shortened and twisted tail, which in some cases folds back, as shown in Fig. 2b ,c. Extremely dorsalized embryos, corresponding to class 5 phenotypes, were also observed (data not shown). A fraction of the dorsalized embryos (16/96) showed a partial axis splitting as an additional phenotype (Fig. 2d,d 0 ). In these embryos, partial duplication of axial structures was observed, resulting in most cases in a 'buttonhole' phenotype in the trunk region, with the extrusion of some yolk on the dorsal side, and more rarely in embryos with two tails. In the embryos shown in Fig. 2f ,g, two neural tubes can be distinguished in the hindbrain region which fuse again more posteriorly. No duplication of axial structures was observed anteriorly to the midbrain/hindbrain boundary.
The specificity of these phenotypes was confirmed by injection of an equal amount (100 pg) of a mutated version of sox21a RNA (sox21a-mut), generating a premature stop in translation and hence no functional protein product, and by injection of an even higher amount (240 pg) of an unrelated RNA (GFP). In both cases, no effect could be detected on the development of the injected embryos (62/63 for sox21a-mut, 32/32 for GFP), other than a slight delay in development in comparison to uninjected controls ( Fig. 2l and data not shown).
Ectopic expression of Sox21a affects early markers in gastrulation
To gain more insight on the molecular defects caused by ectopic expression of Sox21a, we analyzed injected embryos during gastrulation by in situ hybridization with several markers. The homeobox gene goosecoid is one of the earliest markers expressed in the incipient embryonic shield, which first identifies the dorsal side of the embryo at gastrulation and acts as the amphibian Spemann's organizer. gsc marks the most anterior region of the organizer, giving rise to the prechordal plate. In Xenopus, the Gsc protein was shown to act as a transcriptional repressor, that prevents the expression of ventral-specific genes (Ferreiro et al., 1998) . In situ hybridization around shield stage reveals that the goosecoid expression domain was altered in embryos injected with Sox21a (5/11): the gsc signal is expanded around the blastoderm margin with respect to the uninjected controls, where it is restricted to the shield region (Fig. 3 , cfr c,d with a,b). Chordin is a key developmental protein that dorsalizes early vertebrate embryonic tissues by binding to ventralizing TGF-b-like bone morphogenetic proteins (Bmp) and sequestering them in latent complexes (Piccolo et al., 1996) . Like goosecoid, chordin is expressed in the organizer. When sox21a was ectopically expressed, chordin expression was altered (14/19): the chd signal was expanded to various degrees, in extreme cases marking the entire blastoderm margin by midgastrulation (Fig. 3 , cfr f,g with e, uninjected control).
To directly investigate the effects of sox21a overexpression on axial mesoderm formation, we performed in situ hybridizations with foxA2/axial (axl) and no tail (ntl). foxA2/axial is expressed during gastrulation along the developing axis (Strahle et al., 1993) . In sox21a-injected embryos, the staining of axl is altered along the developing AP axis (13/18) and shown to be particularly expanded laterally in two injected embryos (Fig. 3i,j) as compared to an uninjected control (Fig. 3h) . ntl/Brachyury is expressed in axial chordamesoderm (Schulte-Merker et al., 1994) and ntl expression at late gastrulation was altered in embryos injected with sox21a (13/22). In the injected embryos shown in Fig. 3l ,m, the ntl staining appears laterally expanded along the developing AP axis and more discontinuous along the margin (compare Fig. 3l ,m with k); in particular, the most posterior staining at the dorsal blastoderm margin, corresponding to the forerunner cells in the control, is apparently missing in the injected embryos. . Zebrafish sox21a is expressed as a maternal transcript, but sox21b is not. Only sox21a transcripts are detectable in the ovary and in embryos before zygotic transcription; sox21b transcripts are detectable from tailbud stage. Equal aliquots of first strand cDNAs were used as templates in PCR reactions using specific primers to amplify sox21a (301 bp product), sox21b (317 bp product), b-actin (560 bp product); the b-actin fragment amplified from genomic DNA differs in size, due to the presence of an intron. Lanes 2-10: PCR samples with oligo(dT)-retrotranscribed RNA from the various developmental stages or organs indicated above each lane. Lanes 12, 13: control PCR reactions with either genomic DNA or no added DNA as template. Lanes 1, 11: DNA size markers; different bands are shown in the upper two panels (lane 1: 517, 396 and 214 bp; lane 11: 600, 500, 400, 300 and 200 bp) and in the lower one (lane 1: 1419, 517 and 396 bp; lane 11: 2000, 1500, 1200, 1031, 900, 800, 700, 600, 500, 400 and 300 bp).
Ectopic expression of Sox21a perturbs the patterning of the embryo
At later stages of development, the effects of sox21a microinjection on the organization of the body plan are more evident. A double in situ hybridization was carried out on uninjected controls and sox21a-injected embryos, during somitogenesis, with probes revealing the expression patterns of krox20 and fgf8. The krox20 probe (red) specifically labels rhombomeres 3 and 5 in the hindbrain; fgf8 (blue) marks the telencephalon, the midbrain -hindbrain boundary, the paraxial somitic mesoderm, the posterior neural plate and the underlying posterior endoderm in a control embryo (Fig. 4a) . Microinjection of sox21a altered the development of the embryos (19/31), as revealed by the expression patterns of krox20 and fgf8. The affected embryos show alterations in the body plan. The axis is contorted, so that the left and right halves of the embryo are not aligned in the embryo shown in Fig. 4b , as revealed by both krox20 and fgf8 markers; the somites are compressed and slightly (m,n) Injection with sox21a-VP16 RNA leads to embryos with ventralized phenotypes, showing a general enlargement of posterior structures. (l) Embryos injected with a sox21a mutant RNA (leading to a premature stop in translation, and hence no functional protein product) are indistinguishable from uninjected controls (h). (o) Schematic drawing of sox21a constructs for microinjections. The protein products translated from the various constructs are sketched roughly proportional to their size. The HMG-box DNA-binding domain is shown as a blue hatched box, the group B homology domain as a blue solid box; the VP16 activation domain is shown in green, while the EnR domain is shown in red. In the sox21a-mut construct, a four-bases insertion generates a frame-shift and a premature stop codon; the predicted amino acid sequence is shown: residues generated by the mutation are in italic.
elongated and the posterior fgf8 signals (marking the neural plate and the axis) are displaced. In a more severely affected embryo (Fig. 4c,d) , the left and right body halves are far apart, as revealed by both fgf8 and krox20 in the hindbrain and by fgf8 in the trunk region; the somites are more compressed and elongated and the posterior part of the embryo is severely disorganized (Fig. 4d ). Embryos injected with sox21a-mut RNA (28/28) showed a normal expression pattern for krox20 and fgf8 (data not shown), just like uninjected controls (26/26).
A triple in situ hybridization with probes for pax2.1, myoD and no tail was performed on control uninjected embryos (Fig. 4e,i ) and sox21a-injected embryos in somitogenesis (at a slightly later stage with respect to those hybridized with krox20 and fgf8). Embryos injected with sox21a-mut were also included as additional controls and they showed a completely normal staining (47/47) (Fig. 4j) . Most of the embryos injected with sox21a RNA (16/24) showed alterations, ranging from moderate to severe dorsalization. A severely dorsalized embryo is shown in Fig. 4e,i) is lost. The tail region is prematurely detached from the yolk and the embryo is shorter than controls: myoD staining shows that the somites are more compressed and elongated (Fig. 4 : compare panel m with i). Two more extreme phenotypes are shown in Fig. 4f ,k,g,l: the embryos are much shorter than controls (Fig. 4 : compare panels k,l with i,j), they show contortion of the AP axis (see notochord and adaxial cells staining with no tail and myoD), complete circularization of the paraxial territory (see myoD staining of somites), multiple tail bud no tail stainings all around the embryos; pax2.1 expression is so expanded in the MHB, that the staining is visible from a ventral view in Fig. 4g . Sox21a-injected embryos apparently undergo defective convergent extension resulting in undulating axial structures. A mildly affected embryo shows misalignment of the left and right body halves, as marked by the black arrows pointing to the krox20 staining of r3-r5 in the hindbrain; a white cross marks a moderate enlargement of axial territory between the somites; fgf8 staining confirms displacement of axial and paraxial structures. (c,d) In a more severely affected embryo a large gap separates two regions stained by krox 20 and fgf8, at the level of the hindbrain (black arrows); a white cross marks the large gap between the somites stained by fgf8; posterior fgf8 signals are severely disorganized, as shown in (d). (e -m) Triple in situ hybridization with pax2.1, myoD, ntl probes. (e,i) Uninjected control embryos in whole-mount and flat-mount pictures, respectively. pax2.1 marks the optic stalks, the MHB (white arrowheads), the otic placodes, and the pronephric ducts; myoD labels adaxial cells adjacent to the notochord and the posterior part of each somite; ntl marks the notochord and the tail bud (black asterisk). (j) Flat-mount preparation of an embryo injected with sox21a-mut RNA, showing no alterations with respect to the uninjected controls. (f,g,k) and (k,l,m) are the whole-mount and the corresponding flat-mount preparations of three sox21a-injected embryos, with different degrees of alteration. (h,m) are a whole-mount picture and a semi flat-mount picture of a sox21a-injected embryo with a characteristic dorsalized phenotype, revealed by enlargement of the MHB region and absence of otic placodes staining by pax2.1, and premature eversion of the tail. The overall size of the embryo is reduced with respect to an uninjected control or to an embryo injected with sox21a-mut RNA (compare m with i,j). (f,g,k,l) Two severely affected embryos, in whole-mount (f,g) and flat-mount (k,l) pictures, show a dramatic reduction in the overall body length, contorsion of axial structures, a complete circularization of the paraxial territory (myoD labeling), multiple ectopic tail bud labeling by ntl (black asterisks). The pattern of pax2.1 staining is typical of dorsalized embryos: the otic placodes and pronephric ducts signal are lost, whereas the MHB region is enlarged. White arrowheads mark the lateral limits of pax2.1 signal at the MHB; this staining is so expanded to be visible in a ventral view in (g). (f,g,h) , respectively. Black arrows point to the krox20 staining of r3 and r5 in the hindbrain; a white cross marks the enlarged axial territory; white arrowheads point to the lateral limit of pax2.1 staining at the MHB; black asterisks mark posterior ntl signals.
Morpholinos against sox21a induce ventralization
The effects of Sox21a ectopic expression on embryonic development would suggest a functional role for this protein in the complex network of genes controlling the dorsoventral patterning in zebrafish. To test this hypothesis, we decided to try to specifically knockdown sox21a by injection of morpholino antisense oligonucleotides. We designed a first morpholino, sox21a-MO1, around the translation start site of sox21a mRNA to block its translation; a mutated version of the oligonucleotide, 4mut-sox21a-MO1, carrying four base substitutions that should severely reduce its base-pairing with the target sequence, was used as a specificity control. It has been reported that morpholinos can act both on zygotic and on maternal transcripts, albeit at reduced levels on the latter ones (Nasevicius and Ekker, 2000) . We injected several doses of sox21a-MO1 and its mutated control morpholino in 1 -2 cells stage embryos and scored for phenotypes after 24 hpf (Fig. 5) . A significant portion of the sox21a-MO1-injected embryos showed ventralized phenotypes (50/103 and 14/32), at the higher doses we tested (1 and 0.5 pmole, respectively). Various degrees of ventralization were visible, ranging from severe V3 phenotypes to mild V1 phenotypes, as described in Kishimoto et al., (1997) (Fig. 5b,c) : the head structures were reduced, posterior somites and notochord were affected, and the ventral fin was expanded. An additional phenotype we repeatedly observed, in association with ventralization or on its own, was a curvature of the injected embryos, which was more evident at developmental stages later than 24 hpf (78/103 and 27/32 at 1 and 0.5 pmole, respectively). When the mutated morpholino (4mut-sox21a-MO1) was injected, the vast majority of the embryos showed a normal phenotype (30/39 at 1 pmole, 12/12 at 0.5 pmole) (Fig. 5f ). This indicates that the phenotypes observed in sox21a-MO1-injected embryos are due to the specific binding of the morpholino to its target sequence. Nevertheless, we designed a second antisense morpholino, sox21a-MO2, directed against a different region of the 5 0 UTR of the sox21a transcript, as a further specificity control. As shown in Fig. 5e , also this second morpholino induced ventralization in injected embryos (28/ 74 at 0.5 pmole).
We performed an in situ hybridization with the ntl probe on morpholino-injected and control embryos in early somitogenesis. The ntl signal is clearly reduced in intensity in embryos injected with 0.5 pmole of sox21a-MO1 (11/17) or sox21a-MO2 (13/21) with respect to uninjected controls (9/9) or to embryos injected with an equal amount of the mutated morpholino (19/19) (Fig. 5 compare panels h,h 0 and i,i 0 with g,g 0 and j,j 0 ). Moreover, injection of either wild-type sox21a-morpholino but not of the mutated oligo induces a change in the morphology of the ntl positive cells, which appear less organized and have lost the normal columnar shape; this is more evident at higher magnification (Fig. 5  compare h 0 ,i 0 with g 0 ,j 0 ).
An in situ hybridization with the gata1 probe reveals that more gata1-positive cells can be detected in the region of the anus in 1-day-old embryos injected with the two sox21a-morpholinos with respect to control embryos (data not shown), as expected in ventralized embryos.
Both morpholinos are specific for sox21a and we exclude that they could target sox21b transcripts on the basis of sequence analysis: they therefore reveal a sox21a-specific function.
Sox21a, when overexpressed, acts as a transcriptional repressor
Zebrafish Sox21a protein is 239 amino acids long and carries the DNA-binding HMG box at the N terminus (aa 6-84), followed by a short stretch of amino acids conserved within all group B Sox proteins, the so-called group B homology domain (Fig. 2, panel o) . SOX21 proteins have been described in chicken, human and mouse, which show a high level of amino acid conservation; the overall amino acid identity is 91% between chicken Sox21 and its mammalian homologues, indicating that there is extensive similarity not only in the N-terminal region, comprising the HMG box and the group B homology domain (97% amino acid identity), but also in the rest of the proteins (87% identity), characterized by several stretches of alanines. The overall length of the chicken and mammalian SOX21 proteins is also very similar (aa 280 and 276, respectively). Zebrafish Sox21a is very similar to the chicken and mammalian homologues in N-terminal region (88% amino acid identity in the HMG box and the Group B homology domain), but much less in the rest of the protein (40% identity with chicken Sox21 and 38% identity with mouse and human SOX21). In particular, zebrafish Sox21a lacks the poly-alanine stretches which are present in the chicken and mammalian proteins. Repression by chicken SOX21 of d1-crystallin DC5 enhancer, in transfection assays, was mainly ascribed to its C-terminal portion, containing the poly-alanine stretches (Uchikawa et al., 1999) .
We generated chimeric constructs by fusing the Nterminal region of Sox21a (aa 1 -101, including its DNAbinding domain) to the repressor domain of the Drosophila Engrailed protein and to the transcriptional activation domain of the Herpes simplex virus type I VP16 protein.
The resulting sox21a-EnR and sox21a-VP16 fusion contructs were used in microinjection experiments, to elucidate the molecular nature of Sox21a as a transcription factor. The repressor domain from the Engrailed protein is known to interact with the Groucho co-repressor in Drosophila (Jimenez et al., 1997) . A family of Groucho proteins has been identified in vertebrates, including at least two members in zebrafish (Kobayashi et al., 2001 ); Groucho proteins serve as non-DNA binding corepressors for various classes of DNA-binding factors, including the HMG-box protein Lef1 (Merrill et al., 2001 ). VP16 acts as a very potent transcriptional activator in eukaryotic cells. Microinjection of sox21a-EnR resulted in embryos with various degrees of dorsalization, up to C5 phenotypes (Fig. 2i -k 0 and data not shown). Increasing doses of sox21a-EnR resulted in increasing proportions of dorsalized embryos (e.g. 39/110 with 10 pg, 57/63 with 25 pg) and in more severe phenotypes. All the phenotypes observed with the sox21a-EnR fusion strongly resembled those obtained with the microinjection of wild-type sox21a (Fig. 2: compare panels i-k 0 with b-d 0 ). As for ectopic expression of wt sox21a, a fraction of the embryos microinjected with sox21a-EnR showed a partial axis splitting, with the extrusion of some yolk on the dorsal side, in addition to dorsalization (Fig. 2: compare panels k-k 0 with d -d 0 ). Conversely, microinjection of the sox21a-VP16 fusion caused the appearance of ventralized phenotypes (27/73). Affected embryos showed a reduction and disorganization of anterior structures (e.g. smaller eyes), and an expansion of posterior structures (e.g. enlarged posterior somites), as shown in Fig. 2 (panels m,n) . These phenotypes clearly parallel those obtained by injection of sox21a-morpholinos (compare Figs. 2m,n,5b-e) . The sox21a-VP16 fusion is thus able to act as an antimorph.
Discussion
Zebrafish sox21a gene codes for a transcription factor of the group B Sox family. All group B Sox genes, in different organisms, are expressed in the CNS; some are panneural (Sox1,2,3), whereas others show a more restricted expression pattern (Sox14, 21). Zebrafish sox21a gene is expressed as a maternal transcript, already detectable in the ovary and present in all blastomeres in the first stages of zygotic development. At the onset of neurulation it starts being expressed in a restricted region of the embryo, which will develop in the future midbrain -hindbrain boundary. The MHB region corresponds to the major expression site of sox21a even at later stages of embryonic development, when sox21a transcripts are detectable also in other regions of the CNS. During somitogenesis, sox21a is expressed in the midbrain, hindbrain and spinal cord, as well as in the olfactory placodes and in the trigeminal and lateral line ganglia. The expression is not panneural, but rather restricted to three longitudinal stripes along the axis, a midline and two lateral ones; in histological transverse sections, sox21a transcripts are visible in medial and ventral regions of the neural tube (Rimini et al., 1999 and unpublished results) . Ectopic expression proved to be a powerful tool in the functional study of Sox genes in various organisms. Ectopic expression of XSox17b ventralizes Xenopus embryos by inhibiting the Wnt pathway through direct interaction with b-catenin (Zorn et al., 1999) ; ectopic Sox3 expression causes ectopic lens and otic vescicle formation and dysgenesis of the endogenous eye and ear in medaka fish (Koster et al., 2000) , indicating a functional role as a permissive factor in sensory placode formation; ectopic expression of the Sox gene Dichaete/fish-hook results in severe disruption of adult structures in Drosophila, and indeed the dominant wing mutation Dichaete, characterized by a deletion of proximal wing structures, results from ectopic expression of the Sox gene (Russell, 2000; Mukherjee et al., 2000) .
In this study, we ectopically expressed sox21a RNA in zebrafish embryos, to gain insight on its functional roles. Microinjection of sox21a RNA at 1-2 cells stage leads to dorsalization of the embryos, as shown by alteration of their morphology and of the expression of several markers at different stages of development. Dorso-ventral patterning in zebrafish is controlled by a complex network involving transcription factors (b-catenin, bozozok, vox/ vent family), signals (BMP, Wnt) and their antagonists (chordin, dickkopf1) (reviewed in Schier, 2001 ). The accumulation of maternal b-catenin in dorsal nuclei promotes the expression of zygotic genes, like bozozok, that specify dorsal identity. Bozozok promotes dorsal fates indirectly by antagonizing the expression of vox and vent, which in turn act redundantly to restrict the expression of chordin, goosecoid and other dorsal genes to their appropriate territories (Imai et al., 2001) . We show in the present study that in sox21a-injected embryos the expression domains of organizer-specific genes, such as chordin and goosecoid, are expanded along the blastoderm margin. Moreover, the expression of axial and no tail is also laterally expanded along the developing AP axis in late gastrulating embryos. In sox21a-injected embryos, the staining is not only broader but also more irregular for all the markers used in gastrulation; this is suggestive of a potential problem in the convergence-extension (CE) morphogenetic movements. At later developmental stages, alterations of the morphology in sox21a-injected embryos are more evident: molecular markers used in somitogenesis highlight that affected embryos have shortened AP axis, undulating axial structures, enlarged or even radialized paraxial territory. The posterior part of sox21a-injected embryos is usually more dramatically altered, presenting multiple tail buds or premature tail eversion.
At 24 hpf, sox21a-injected embryos show a variety of dorsalized phenotypes, ranging from mild to severe dorsalization as described by Mullins et al. (1996) . A subset of sox21a-injected embryos present also a peculiar additional phenotype: dorsalization can be accompanied by a partial axis bifurcation, leading to an ectopic neural tube. The most anterior part of the embryos is not affected by axis splitting events, which are limited to regions posterior to the MHB; the bifurcation can either be limited to the central part of the embryos (leading to a buttonhole phenotype) or to the more posterior region (thus giving rise to embryos with two tails).
Lithium acts as a dorsalizing factor in Xenopus and it was shown to inhibit the GSK3b enzyme, which normally leads to phosphorylation and degradation of b-catenin (Klein and Melton, 1996) . Treatment of zebrafish cleavage-stage embryos with lithium produces excessive shield formation and hyper-dorsal development (Stachel et al., 1993) . Interestingly, striking similarities can be observed between sox21a-injected and lithium-treated zebrafish embryos: dorsalization, partial axis splitting, enlarged expression of goosecoid and major defects in CE movements are some of the common features.
The antisense morpholino technology has proven to be a powerful tool to knockdown specific targets in zebrafish (Nasevicius and Ekker, 2000) . Morpholinos act through an RNase-H-independent mechanism by binding to mRNA and blocking translation initiation and have been reported to function against both zygotic and maternal transcripts (Nasevicius and Ekker, 2000; Ekker and Larson, 2001 ). We designed two morpholinos targeting two independent regions in the 5 0 UTR of the sox21a transcript, as a specificity control. Injection of both morpholinos causes ventralization of the embryos. Morpholino-injected embryos show a reduction of the no tail signal and a change in the morphology of the ntl-positive cells at early somitogenesis; an increase in gata-1-positive cells is visible in morpholino-injected 1-day-old embryos, as described in ventralized mutants. The sox21a knockdown therefore nicely complements the sox21a ectopic expression: altering the expression level of sox21a, by either lowering or increasing it, interferes with the dorso-ventral patterning of the zebrafish embryos. This strongly supports the notion that sox21a is implicated in the control of dorso-ventral patterning.
Chicken SOX21 was reported to act as a transcriptional repressor on the d1-crystallin DC5 enhancer in transfection assays (Uchikawa et al., 1999) . A subdivision of group B Sox genes into activating subgroup B1 genes (Sox1,2,3) and repressing subgroup B2 genes (Sox14 and Sox21) has therefore been proposed (Uchikawa et al., 1999) ; both SOXB1-and SOXB2-like sequences have been identified in Drosophila, C. elegans, and sea urchin (Bowles et al., 2000) . On the other hand, Sox proteins are thought to act as transcriptional modulators in a target context-dependent manner. Indeed, mouse Sox21 was recently identified as a potent transcriptional activator of the mouse m opioid receptor (mor) gene (Hwang et al., 2003) .
To shed light on the molecular mechanism by which sox21a dorsalizes zebrafish embryos, we fused the region including the DNA-binding domain of sox21a to the Engrailed repressor domain (sox21a-EnR) or the VP16 activation domain (sox21a-VP16). Sox transcription factors are thought to acquire specificity through interaction with protein partners; these interactions are often mediated by the DNA-binding HMG domain, although non-HMG domains have been proposed to influence partner protein selection and/or binding stability (Wilson and Koopman, 2002) . We decided to avoid the use of full length protein coding regions in the chimeric constructs, but rather followed the commonly used domain swapping strategy to avoid the simultaneous presence of two transacting domains (with potential opposing effects) in the same fusion protein expressed in vivo. Injection of sox21a-EnR RNA closely mimics ectopic expression of wt sox21a: injected embryos show various degrees of dorsalization at 24 hpf and a subset of dorsalized embryos present also partial axis splitting as an additional phenotype. On the other hand, sox21a-VP16 acts as an antimorph: injection of sox21a-VP16 RNA produces ventralized phenotypes therefore mimicking the effects of sox21a knockdown by morpholinos. We therefore conclude from our experiments that sox21a can act early during zebrafish development as a negative modulator of transcription. The fact that sox21a, which is normally present as a maternal transcript, can interfere with dorsoventral patterning, when ectopically expressed or knocked-down, points to a role for this gene in the complex network of regulators of dorsal identity. Identification of Sox21a partner proteins and target genes will certainly help in elucidating how Sox21a can act as a permissive factor for dorsal development.
Experimental procedures
RT-PCR
RNA samples were extracted with the TOTALLY RNA isolation kit (Ambion), treated with RQ1 RNase-Free DNase (Promega), and oligo(dT)-retrotranscribed with SuperScript II RT (Invitrogen), according to manufacturers' instructions. The following primers were used for PCR reactions: 5 0 -GGACTCTTTGAGCGCGGAG-3 0 and 5 0 -ATGAGGGAACGGCAGGTCC-3 0 , for sox21a; 5 0 -CAT-GAAGGAGCACCCCGAC-3 0 and 5 0 -CCCAATGGTGAG-GCGTAGG-3 0 , for sox21b; 5 0 -TGTTTTCCCCTCCATT-GTTGG-3 0 and 5 0 -TTCTCCTTGATGTCACGGAC-3 0 , for b-actin.
sox21a constructs for microinjections
The original clone from the cDNA library screening (pBSSK-sox21, described in Rimini et al., 1999) was used for most microinjection experiments. A 1 kb Eco RI fragment in pBSSK comprises the entire coding sequence flanked by some 5 0 and 3 0 UTR sequences; sense RNA is transcribed by T7 RNA polymerase from a Bam HI or Xba I linearized template plasmid. For some experiments, sox2a cDNA subclones in pCS2 þ and pT7TS were used as templates.
A mutated control plasmid (pBSSK-sox21a-mut) was generated by linearizing pBSSK-sox21 with Nco I, filling-in with T4 DNA polymerase and religating. This creates a 4-bases insertion after the fifth codon, determining a frameshift and a premature stop codon; the mRNA sequence is only slightly affected, while the resulting translated product (MAKPMHGSCZ) is predicted to be totally non-functional.
The N-terminal portion of Sox21a (amino acids 1-101, comprising the HMG-box DNA binding domain) was fused to the VP16 transactivation domain (aa 401 -478 of the VP16 protein from human Herpes simplex virus type I) and to the repressor domain of the Drosophila Engrailed protein (aa 2 -298). The 5 0 UTR and the N-terminal coding region of sox21a were PCR amplified (using primers 5 0 -GAA-GATCTTTTAAAGCCAGGTCACTTCAC-3 0 and 5 0 -CGG-GATCCGGACCCAGATTATACGTGACATT-3 0 ) and cloned into the pCRII-TOPO vector (Invitrogen). A fully sequenced insert was excised with Bgl II and Bam HI and subcloned into the Bam HI site of the pCS2 þ VP16 and pCS2 þ EnR vectors kindly provided by Dr. Dirk Meyer. Sense RNA was transcribed using SP6 RNA polymerase on templates linearized with Not I (sox21a-VP16 fusion) or Asp718 (sox21a-EnR fusion).
In vitro transcriptions were carried out with the mMESSAGE mMACHINE kit (Ambion), following the manufacturer's instructions. RNA aliquots run on agarose gels were quantified with the ImageQuant program on a Typhoon 8600 instrument, using an RNA ladder as a standard.
Specific RNAs were diluted in water and injected in blastomeres at 1 -2cells stage; GFP RNA (15 -25 pg/embryo) was usually coinjected, as a control. A range of dilutions were tested for sox21a wt/mut and for sox21a-VP16/EnR fusions. In most experiments, sox21a-wt and sox21a-mut were injected at 100 pg/embryo, sox21a-VP16 and sox21a-EnR at 25 pg/embryo.
sox21a antisense morpholinos
Two antisense morpholinos to sox21a (Gene Tools, LLC) were designed against the mRNA region around the AUG translation start site and the 5 0 UTR: sox21a-MO1, 5 0 -CATTTCTTGATACTTTGGTGCTCCT-3 0 ; sox21a-MO2, 5 0 -CAACGCAGTCCCGATAGCTGGAGTT-3 0 . As a specificity control, an additional morpholino was used, 4mut-sox21a-MO1, carrying 4 base substitutions with respect to the wt sequence (5 0 -CATaTCTaGATACTTTGGaGCTgCT-3 0 ). Morpholinos were diluted to the desired concentration in Danieau buffer (as described in Nasevicius and Ekker, 2000) and injected at 1 -2 cells stage.
In situ hybridization
Whole-mount in situ hybridizations were carried out as described (Thisse et al., 1993) with antisense riboprobes labeled with digoxigenin or fluorescein (Roche). The following probes were synthesized as described in the corresponding papers: ntl (Schulte-Merker et al., 1994) , gsc (Stachel et al., 1993) , chd (Miller-Bertoglio et al., 1997) , foxA2/axial (Strahle et al., 1993) , myoD (Weinberg et al., 1996) , krox20 (Oxtoby and Jowett, 1993) , pax2.1 (Krauss et al., 1991) , gata1 (Detrich et al., 1995) .
For histological sections, samples were fixed in 4% phosphate buffered paraformaldehyde, dehydrated, embedded in paraffin and sectioned at 8 mm, according to routine histology techniques. Specimens were analyzed using a Leica MZ FLIII microscope and a Leica DMR compound/Nomarski microscope and acquired with Leica DC200 and DC500 digital cameras. Images were processed using the Adobe Photoshop software.
